Arabinose-containing poly-or oligosaccharides are suitable carbohydrate 14 sources for Bifidobacterium longum subsp. longum, though their degradation pathways are 15 poorly understood. In this study, we found that the gene expression levels of bllj_1852 and 16 bllj_1853 from B. longum subsp. longum JCM 1217 were enhanced in the presence of 17 arabinan. Both genes encode previously uncharacterized glycoside hydrolase (GH) family 18 43 enzymes. Subsequently, we cloned those genes and characterized the recombinant 19 enzymes expressed in Escherichia coli. Both enzymes exhibited -L-arabinofuranosidase 20 activity toward synthetic p-nitrophenyl glycoside, but the specificities for 21 L-arabinofuranosyl linkages were different. BLLJ_1852 catalyzed the hydrolysis of 1,2-22 and 1,3-L-arabinofuranosyl linkages found in the side chains of arabinan and arabinoxylan. 23 BLLJ_1852 released L-arabinose 100 times faster from arabinan than from arabinoxylan 24 but did not act on arabinogalactan. BLLJ_1853 catalyzed the hydrolysis of 25 1,5-L-arabinofuranosyl linkages found on the arabinan backbone. BLLJ_1853 released 26 L-arabinose from arabinan but not from arabinoxylan or arabinogalactan. Both enzyme 27 activities were largely suppressed with EDTA treatment, suggesting that they require 28 3 divalent metal ions. BLLJ_1852 was moderately activated in the presence of all divalent 29 cations tested, whereas BLLJ_1853 activity was inhibited by Cu 2+ . The GH43 domains of 30 BLLJ_1852 and BLLJ_1853 are classified into GH43 subfamilies 27 and 22, respectively, 31 but hardly share similarity with other biochemically characterized members in the 32 corresponding subfamilies. 33 IMPORTANCE We identified two novel -L-arabinofuranosidases from B. longum subsp. 34 longum JCM 1217 that act on different linkages in arabinan. These enzymes may be 35 required for efficient degradation and assimilation of arabinan in the probiotic 36 bifidobacteria. The genes encoding these enzymes are located side-by-side in a gene cluster 37 involved in metabolic pathways for plant-derived polysaccharides, which may confer 38 adaptability in adult intestines. 39 40 KEYWORDS dietary fiber, hemicellulose, gut microbiota, intestinal microbiota, prebiotics, 41 probiotics 42 43
longum subsp. longum is also added to food products as probiotics because of its wide 52 adaptation and beneficial health effects to the host (1) . 53
In the large intestine where bifidobacteria reside, nutrient monosaccharides are 54 limited. Therefore, bifidobacteria possess various glycosidases and sugar transporters to 55 assimilate indigestible polysaccharides, oligosaccharides, and complex carbohydrates. 56
Whole genome sequencing revealed that approximately 8.5 % open reading frames (ORFs) 57 of B. longum NCC 2705 are related to glycan degradation and metabolism (4). In the past 58 5 decade, several groups including ours reported that bifidobacteria in infant intestines-B. 59 bifidum, B. longum subsp. infantis, and B. longum subsp. longum-utilize oligosaccharides 60 from the mother's milk (5-11) and glycoprotein glycans secreted from the gastrointestinal 61 tract (12) (13) (14) (15) . We also reported that B. longum subsp. longum possesses a unique metabolic 62 pathway to assimilate glycans from extensins that are plant cell-wall glycoproteins (16) (17) (18) . 63
It has been known that oligosaccharides derived from plant matrix polysaccharides, such as 64 arabinan, arabinoxylan, and arabinogalactan, could be carbohydrate sources for adult-type 65 bifidobacteria (19, 20) . However, it is poorly understood how bifidobacteria use such dietary 66 fibers. Therefore, we investigated the mechanism of arabinan utilization in B. longum subsp. 67 longum inhabiting the intestines of both infants and adults. 68
In the Carbohydrate-Active Enzymes (CAZy) database (http://www.cazy.org), 69 there are 59 putative and experimentally characterized glycosidases belonging to 23 70 glycoside hydrolase (GH) families from B. longum subsp. longum JCM 1217. Of these GH 71 families, we focused on GH43 that contains hemicellulose-degrading glycosidases 72
including -L-arabinofuranosidase, -xylosidase, arabinanase, and xylanase. Nine ORFs 73 6 with eleven GH43 domains occur in the genome of B. longum subsp. longum JCM 1217. 74
Notably, five previously uncharacterized GH43 ORFs, bllj_1850-bllj_1854, form a gene 75 cluster. In this study, we cloned and characterized two GH43 enzymes, BLLJ_1852 and 76 BLLJ_1853, and found that these glycosidases cooperatively degrade arabinan by acting on 77 different glycosidic bonds. 78
79

RESULTS 80
Bifidobacterium longum subsp. longum JCM 1217 utilizes arabinan 81 as a carbon source. Sugar-beet arabinan is composed of 1,5-linked 82 poly-L-arabinofuranose as a backbone with branched side chains of 1,2or 1,3-linked 83 L-arabinofuranose (21). Arabino-oligosaccharides are considered to be potential prebiotics 84 for bifidobacteria (19, 20) . However, it is not known whether arabinan is utilized by B. 85 longum subsp. longum. First, we tested whether B. longum subsp. longum JCM 1217 grows 86 in a medium with arabinan as the sole carbon source ( Fig. 1 ). This strain grew well in the 87 glucose-containing medium and moderately in the L-arabinose-containing one. In the 88 7 arabinan-containing medium, it reached an OD 600 value similar to that of 89 L-arabinose-containing medium although the growth rate was slightly slower. This result 90 suggests that B. longum subsp. longum JCM 1217 degrades arabinan into L-arabinose and 91 utilizes that as a carbon source. 92
Expression of bllj_1852 and bllj_1853 was enhanced in the presence 93 of arabinan. To identify the glycosidases responsible for the degradation of arabinan, we 94 focused on the gene cluster consisting of bllj_1850-bllj_1854, all of which encode GH43 95 domain-containing proteins. Of these, we had already determined that BLLJ_1854 was an 96 -L-arabinofuranosidase that preferably acted on arabinogalactan (Fujita et al., submitted) . 97 Therefore, we investigated the expression of bllj_1850-bllj_1853 in the presence of 98 arabinan by semi-quantitative RT-PCR. The mRNA levels of bllj_1852 and bllj_1853 were 99 estimated to be 4.0-and 5.4-fold higher, respectively, in arabinan medium than in glucose 100 medium (data not shown). However, the expression of bllj_1850 was not significantly 101 enhanced by arabinan (less than 1.2-fold), and mRNA of bllj_1851 could not be detected in The optimum temperature of BLLJ_1852 and BLLJ_1853 were 45°C and 40°C, 129 respectively. BLLJ_1852 was stable bellow 50°C for a 1 hour treatment. In contrast, 130 BLLJ_1853 still active at 60°C for 1 hour ( Supplementary Fig. 1C and 1D, respectively). 131 Therefore, we tested the stability of BLLJ_1853 at higher temperatures and found that 132 greater than 50 % activity was maintained below 90°C although it gradually declined 133 ( Supplementary Fig. 1E ). The kinetic parameters of recombinant BLLJ_1852 for 134 pNP--Araf were determined: the K m , k cat , and k cat /K m values were 9.8 mM, 19.2 s -1 , and 135 1.9 s -1 mM -1 , respectively. These parameters of BLLJ_1853 could not be determined due to 136 low activity for pNP--Araf. 137 (Zn 2+ , Mn 2+ , Cu 2+ , Ca 2+ , Co 2+ , Mg 2+ , and Ni 2+ ). In contrast, BLLJ_1853 activity was not 143 enhanced by these cations and severely inhibited by Cu 2+ (Fig. 3A ). Both glycosidases were 144 inhibited by EDTA, suggesting a requirement for divalent metal ions (Fig. 3A) . BLLJ_1852 145 was more sensitive to EDTA than BLLJ_1853 ( Fig. 3B ). Next, we tested whether these 146 EDTA-treated enzymes could be restored or not by adding cations. BLLJ_1852 and 147 BLLJ_1853 were treated with 100 M EDTA at 4°C for 16 hours, and then the activities 148 11 were measured in the presence of 1.0 mM CaCl 2 . The activity of BLLJ_1853 was fully 149 restored by the addition of Ca 2+ , whereas that of BLLJ_1852 was not restored (Fig. 3C) . 150
Different effects of divalent metal ions on the activities of BLLJ_1852
Substrate specificities of BLLJ_1852 and BLLJ_1853. As described above, both 151 enzymes hydrolyzed pNP--Araf, indicating that they are exo--L-arabinofuranosidases. 152
We tested the activities of these enzymes for other pNP-glycosides, such as 153 pNP--L-arabinopyranoside, pNP--xylopyranoside, and pNP--galactopyranoside, but no 154 hydrolysis was observed ( Fig. 4A ). Therefore, these glycosidases have a strict specificity 155 for -linked L-arabinofuranose. Next, we tested substrate specificities for natural substrates. 156
Of the natural substrates tested, BLLJ_1852 released L-arabinose from arabinan and 157 arabinoxylan, and BLLJ_1853 released L-arabinose from arabinan only (Figs. 4B and 4C, 158 respectively). There are 1,2and 1,3-arabinofuranosyl side-chins on the 159 1,5-poly-L-arabinofuranosyl backbone of arabinan. The same 1,2and/or 160 1,3-arabinofuranosyl side-chins are on the xylan backbone of arabinoxylan. Next, we 161 tested linkage specificities using synthetic arabinobioses: Araf1,2Araf-OMe, 162
Araf1,3Araf-OMe, and Araf1,5Araf-OMe. BLLJ_1852 acted on the 1,2and 163 1,3-linkages, whereas BLLJ_1853 acted only on the 1,5-linkage (Fig. 4D) . These results 164 strongly suggest that BLLJ_1852 hydrolyzes the side chains of arabinan and arabinoxylan, 165 and BLLJ_1853 hydrolyses the backbone of arabinan. Finally, we quantified the release 166 rate of L-arabinose from five substrates ( Table 1 ). Both enzymes showed the highest 167 activity with arabinan. BLLJ_1852 also acted on arabinoxylan, but the rate was only 0. (Fig. 5B) , and is also 216 missing in B. longum subsp. infantis. 217
In comparison with GH43_27, the subfamily GH43_22 is relatively larger and 218 more widely distributed in eukaryote (several fungi) and archaea in addition to bacteria. In 219 this subfamily, we could not find an experimentally characterized enzyme. In our strain, 220 there are three enzymes belonging to this subfamily, BLLJ_1850 (GH43_22_34), 221 BLLJ_1853, and BLLJ_1854, which exhibit distinct substrate preference for arabinoxylan, 222 arabinan, and arabinogalactan, respectively, as described above. Within B. longum strains, 223 16 the homologs of BLLJ_1853 and BLLJ_1850 are conserved expect for B. longum 224 NCC2705, and those of BLLJ_1854 are conserved in all strains (Fig. 5B) . The plate was maintained at 37C, and the OD 600 was monitored every 3 hours using 265
Powerscan HT (Dainippon Sumitomo Pharma, Japan). was put on ice in order to lower the temperature. Next, to induce expression, 0.1 mM 298 21 isopropyl--D-thiogalactopyranoside (IPTG) was added to the culture, which was further 299 incubated at 25C for 15 hours. The cells were harvested by centrifugation and lysed with 300 the BugBuster Protein Extraction Reagent (Novagen). The cell free protein extract was 301 applied to a His GraviTrap (GE Healthcare, USA), and adsorbed proteins were eluted by a 302 stepwise imidazole concentration gradient in 20 mM sodium acetate buffer at pH 6.5 303 containing 500 mM NaCl. The active fraction was dialyzed with a size 36 dialysis 304 membrane (Wako Chemicals) against 0.5 mM sodium acetate buffer at pH 6.5 overnight at 305
4C. 306
Protein concentration was measured using a Bio-Rad Protein Assay Dye Reagent 307 Concentrate (Bio-Rad). 308
Glycosidase assay. -L-Arabinofuranosidase activity was measured based on 309 the release of pNP from pNP--Araf. The reaction mixture containing 1.0 mM pNP-raf, 310 an appropriate amount of purified enzyme, and 1.0 mM sodium acetate buffer at pH 5.5 to a 311 total volume of 50 L was incubated at 37C. After the incubation, 1.5 volumes of 1.0 M 312 Na 2 CO 3 was added as a stop solution, and the released pNP was measured at 405 nm. For 313 22 optimum pH tests, sodium acetate (pH 3.0-6.0), sodium phosphate (pH 6.5-7.5), and 314
Tris-HCl buffers (pH 8.0-10.0) were used. The 50 L reaction mixture containing 1.0 mM 315 of each pH buffer, 1.0 mM pNP--Araf, and 5 g enzyme was incubated at 37C for 30 316 min (BLLJ_1852) or overnight (BLLJ_1853). For a stable pH assay, the enzyme was 317 pretreated in 10 mM buffer at 4C for 24 hours, and then the remaining activity was 318 measured in sodium acetate buffer at pH 5.5. For the metal ion test, 5 mM chloride salts 319 (ZnCl 2 , MnCl 2 , CuCl 2 , CaCl 2 , CoCl 2 , MgCl 2 , and NiCl 2 ) or EDTA2Na were added to 320 reaction mixtures. For the assays for natural substrates, such as arabinan, arabinoxylan, and 321 arabinogalactan, the reaction mixture containing 0.5 % substrate, 1.0 mM sodium acetate 322 buffer at pH 5.5, and the indicated amount of enzyme was incubated at 37C for the 323 appropriate period. The reaction mixture was analyzed by TLC or applied to enzymatic 324 measurements of released L-arabinose using an L-arabinose/D-galactose assay kit 325 (Megazyme). 326 TLC. TLC analysis was carried out using silica gel 60 plates (Merck, Germany) 327 with 1-butanol:acetic acid:water (2:1:1 by volume) or chloroform:methanol:acetic acid 328 23 (6:1:1 by volume) as developing solvents. Sugars were visualized by spraying 329 acetone:aniline:diphenyl amine:phosphoric acid (100:1:1:10 by volume) and heating to 330 150C for 15 min. 331
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